Neurovascular coupling reflects the close relationship between neuronal activity and cerebral blood flow (CBF), providing a new mechanistic insight into health and disease. Neuromyelitis optica (NMO) is an autoimmune inflammatory demyelinating disease of the central nervous system and shows cognitive decline-related brain gray matter abnormalities besides the damage of optic nerve and spinal cord. We aimed to investigate neurovascular coupling alteration and its clinical significance in NMO by using regional homogeneity (ReHo) to measure neuronal activity and CBF to measure vascular response. ReHo was calculated from functional MRI and CBF was computed from arterial spin labeling (ASL) in 56 patients with NMO and 63 healthy controls.
.
Neuromyelitis optica (NMO) is an autoimmune inflammatory demyelinating disease of the central nervous system (Wingerchuk, Lennon, Lucchinetti, Pittock, & Weinshenker, 2007) . Besides the involvement of optic nerve and spinal cord, gray matter (GM) abnormalities have been frequently reported in NMO. NMO patients have shown astrocyte damage and neuron loss in cerebral cortex in pathologic studies (Kawachi & Lassmann, 2017) ; altered neuronal activities in resting-state fMRI studies (Cai et al., 2017; Liang et al., 2011; Liu et al., 2011; Liu et al., 2017; Lopes et al., 2015) ; and reduced gray matter volume (GMV) in structural MRI (Kim et al., 2017; Liu et al., 2015; Masuda et al., 2017; Wang, Zhang et al., 2015) .
Several of these alterations have been correlated with cognitive impairment in patients with NMO. Based on the theory of neurovascular coupling, GM damage in NMO can be understood from a new perspective. Astrocyte damage is thought to be a key pathological characteristic of NMO (Kawachi & Lassmann, 2017; Takeshita et al., 2017) , which may disrupt the NVU and eventually result in abnormal neurovascular coupling. In addition, the previously reported neuronal (Duan et al., 2012; Liu et al., 2015; Pichiecchio et al., 2012; Saji et al., 2013; von Glehn et al., 2014; Wang, Zhang et al., 2015) and vascular impairments (Sanchez-Catasus et al., 2013; Takeshita et al., 2017) could also affect neurovascular coupling in NMO. Based on the evidence of astrocyte damage, neuronal loss, and vascular impairments in NMO, we hypothesized that patients with NMO would show alterations in neurovascular coupling.
In the present study, we used regional homogeneity (ReHo) to represent neuronal activity, CBF to measure vascular response, across-voxel CBF-ReHo correlation to reflect global neurovascular coupling, and CBF/ReHo ratio to estimate regional neurovascular coupling (Liang, Zou, He, & Yang, 2013) . The ReHo quantifies the similarity of the BOLD signal of a given voxel to those of its nearest neighbors in a voxel-wise manner (Jiang & Zuo, 2016; Zang, Jiang, Lu, He, & Tian, 2004) and both decreased and increased ReHo have been found in NMO . The CBF changes and their associations with the number of optic neuritis attacks were also found in NMO patients (Sanchez-Catasus et al., 2013) . However, neither global (reflecting the consistency of spatial distribution between cerebral blood flow and neuronal activity) nor regional (measuring the amount of blood supply per unit of neuronal activity) neurovascular coupling changes have been investigated in NMO. Here, we combined the ReHo and CBF for the first time to investigate neurovascular coupling changes and its clinical significance in NMO, expecting to provide further information on the neuropathological mechanisms of NMO from a new perspective.
| MATERIALS AND METHODS

| Participants
The experimental protocol was approved by the local medical research ethics committee and written informed consent was obtained from all participants. A total of 56 patients with NMO and 63 sex-matched, age-matched and education-matched healthy controls were recruited in our study. Inclusion criteria were age (18-70 years) and right-handedness. All patients fulfilled the revised Wingerchuk diagnostic criteria for NMO (Wingerchuk, Lennon, Pittock, Lucchinetti, & Weinshenker, 2006) , including two absolute criteria of optic neuritis and myelitis and at least two of the following three supportive criteria: brain MR imaging negative or non-diagnostic for multiple sclerosis at onset, MR imaging evidence of a spinal cord lesion involving more than three vertebral segments, and a positive serological test for NMO antibodies. Serological test for the water channel aquaporin-4 (AQP4) antibody was conducted by the Neuroimmunology laboratory of Tianjin Neurological Institute, using a cell-based array by the quantitative flow cytometry method. The exclusion criteria were MR imaging contraindications, history of head trauma or other neuropsychiatric diseases, other autoimmune diseases, and poor image quality. The disease severity was assessed by the Expanded Disability Status Scale (EDSS) scores. The detailed demographic data for these participants are shown in Table 1 .
| Data acquisition
MR imaging data were acquired using a 3.0-Tesla MR scanner (Discovery MR750, General Electric, Milwaukee, WI). Tight but comfortable foam padding was used to minimize head motion, and earplugs were used to reduce scanner noise. All subjects were instructed to keep their eyes closed, relax, move as little as possible, think of nothing in particular, and stay awake during the scans. Resting-state BOLD images were acquired using a gradient-echo single-short echo field of view (FOV) = 256 mm × 256 mm; matrix = 256 × 256; slice thickness = 1 mm, no gap; and 188 sagittal slices. For each subject, all images were visually inspected during the acquisition of MRI data to ensure that no visible artifacts were found. If artifact appeared in any MR image, the relevant sequence will be re-scanned in time to obtain qualified MR images of each subject.
| Cerebral blood flow calculation
An ASL difference image was calculated after subtracting the label image from the control image. The three ASL difference images were averaged to calculate the CBF maps in combination with the protondensity-weighted reference images (Xu et al., 2010) . SPM8 software was used to normalize the CBF images to the Montreal Neurological Institute (MNI) space. Specifically, individual ASL difference images were nonlinearly coregistered to the PET-perfusion template in MNI space and then they were averaged to generate a study-specific template of ASL difference images. Individual ASL difference images were non-linearly coregistered to the study-specific template. The deformation maps were used to warp individual CBF images to the MNI space.
Then, each co-registered CBF map was removed of non-brain tissue and divided by the subject's global mean CBF value of the GM. Finally, standardized maps were spatially smoothed with a Gaussian kernel of 6 mm × 6 mm × 6 mm full-width at half maximum (FWHM).
| fMRI data preprocessing
The SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was used to preprocessing the fMRI data. The first 10 volumes of each subject were discarded to allow the signal to reach equilibrium and the participant to adapt to the scanning noise. The remaining volumes were corrected for the acquisition time delay between slices. Then, realignment was performed to correct for head motion between time points. All subjects' BOLD data were within the defined motion thresholds (i.e., translational or rotational motion parameters less than 2 mm or 2 ). We also calculated the frame-wise displacement (FD), which indexes the volume-to-volume changes in head position. Several nuisance covariates (six motion parameters, their first time derivations, and average BOLD signals of the ventricular, white matter and whole brain) were regressed out from the data. A recent study has reported that the signal spike caused by head motion significantly contaminated the final resting-state fMRI results even after regressing out the linear motion parameters (Power, Barnes, Snyder, Schlaggar, & Petersen, 2012) . Therefore, we further regressed out spike volumes when the FD of the specific volume exceeded 0.5. The functional images were then band-pass filtered with a frequency range of 0.01-0.08 Hz. In the normalization step, individual structural images were linearly co-registered with the mean functional image; the structural images were then nonlinearly transformed to MNI space. Finally, the transformation parameters were applied to the functional images.
The functional images were then resampled into a 3 × 3× 3 mm 3 voxel.
| Regional homogeneity calculation
Kendall's coefficient concordance (KCC) was used to measure regional homogeneity of a given voxel with its nearest 26 neighbor voxels in a voxel-wise manner within the gray matter mask (34,911 voxels) (Zang et al., 2004 ). An individual ReHo map was obtained for each subject and was then divided by the global mean KCC value. Standardized maps were then spatially smoothed with a 6 mm × 6 mm × 6 mm FWHM Gaussian kernel.
| Global CBF-ReHo coupling analysis
To quantitatively evaluate the global coupling between CBF and ReHo, correlation analyses across voxels were performed for each participant (Liang et al., 2013) . Then, a two sample t-test was used to compare the differences in CBF-ReHo correlation coefficients between the two groups, while controlling for the effects of age, sex, and education.
| CBF/ReHo ratio analysis
To quantify the regional neurovascular coupling, we computed the CBF/ReHo ratio of each voxel. The CBF/ReHo ratio of each voxel for each participant was divided by the global mean value to improve normality. Voxel-wise comparisons were then performed to identify brain regions with significant group differences in CBF/ReHo ratio using a two sample t-test with age, sex, and education as the nuisance variables. Multiple comparisons were corrected by a voxel-wise false discovery rate (FDR) method (Benjamini & Hochberg, 1995; Genovese, A Lazar, & Nichols, 2002 ) with a corrected threshold of q < 0.05.
| Voxel-wise comparisons in CBF and ReHo
Voxel-wise comparisons were performed to identify the CBF or ReHo differences between the two groups controlling for age, sex, and education. Multiple comparisons were also corrected using a voxel-wise FDR method (q < 0.05). For each significant cluster derived from voxel-wise two sample t-test between the patient and control groups, the mean CBF/ReHo ratio of voxels in this cluster was extracted. Spearman correlation coefficients were used to evaluate correlations between CBF/ReHo ratios of these clusters and clinical scores in NMO patients. Multiple comparisons were also corrected using the FDR method with a corrected threshold of q < 0.05. Several subjects were excluded from correlation analyses due to the failure of completing some items of these tests. The number of participants ultimately included in the cognitive-related analyses and the scores of these tests are showed in Table 3 .
| Clinical and neuropsychological assessments
| Reproducibility validation
Both primary and secondary neuronal impairments in GM have been reported in NMO, which manifesting as changes in GMV (Duan et al., 2012; Liu et al., 2015; Pichiecchio et al., 2012; Saji et al., 2013; von Glehn et al., 2014; Wang, Zhang et al., 2015) . To at least partially reduce the effects of GMV changes, we repeated the global CBF-ReHo coupling comparison with the mean GMV of each subject as an additional covariate of no interest, and also re-compared the voxel-wise CBF/ReHo ratio with the GMV of each voxel as an additional covariate of no interest.
We also used amplitude flow frequency fluctuation (ALFF) from fMRI data to reflect neuronal activity. The ALFF was calculated using REST software (http://www.restfmri.net/). The preprocessing steps included slice timing, realignment, regression, normalization, and smoothing using the same parameters as the ReHo preprocessing.
Then the preprocessed time series were transformed to a frequency domain using fast Fourier transform (FFT), and the power spectrum was then obtained. The square root of the power spectrum was calculated at each frequency and averaged across 0.01-0.08 Hz for each voxel. This averaged square root was taken as the ALFF (Zang et al., 2007) . For standardization purposes, the ALFF of each voxel was divided by the global mean ALFF within the GM mask. Then, the global CBF-ALFF coupling and the voxel-wise CBF/ALFF ratio were calculated and compared between the two groups controlling for age, sex, and education. For the voxel-wise CBF/ALFF ratio analysis, we used an uncorrected threshold of p < .005.
| Statistical analysis
All demographic and clinical variables but the sex were examined with two sample t-test using the Statistical Package for the Social Sciences version 22.0 (SPSS, Chicago, IL). Sex data were analyzed with a χ 2 test. Abbreviations: CBF = cerebral blood flow; ReHo = regional homogeneity; MNI = montreal neurological institute.
3 | RESULTS
| Spatial distribution of the CBF/ReHo ratio
The CBF, ReHo, and CBF/ReHo ratio maps of patients with NMO and healthy controls are shown in Figure 1 . Despite of subtle differences, both groups showed higher CBF, ReHo, and CBF/ReHo ratio in the precuneus, medial and lateral prefrontal cortex, inferior parietal lobule (IPL) and anterior cingulate cortex (ACC).
3.2 | Global CBF-ReHo coupling changes in patients with NMO
Significant across-voxel correlations between CBF and ReHo were found in each participant (including all patients with NMO and all healthy controls). Two representative correlation maps from one NMO patient and one healthy control are shown in Figure 2a . Nevertheless, patients with NMO showed a significant reduced global CBF-ReHo coupling (T = 2.673, p = .009) compared to healthy controls at the group level (Figure 2b ).
| CBF/ReHo ratio changes in patients with NMO
Compared with healthy controls, patients with NMO exhibited decreased CBF/ReHo ratio in the IPL bilaterally (10.9% and 14.2%), the right superior parietal lobule (SPL) (14.5%) and lingual gyrus (17.3%), as well as increased CBF/ReHo ratio in the bilateral insular cortices (10.3% and 8.6%) and postcentral gyri (10.2% and 9.2%), the right superior temporal gyrus(STG)(10.3%) and ACC (8.2%), and the left medial (MFG)(13.3%) and inferior frontal gyri(IFG)(8.0%) (q < 0.05, FDR corrected) ( Figure 3 and Table 2 ).
| CBF and ReHo changes in patients with NMO
Compared with healthy controls, patients with NMO showed decreased CBF in the calcarine and SPL bilaterally, the right IPL and olfactory lobe as well as increased CBF in the putamen and thalamus bilaterally, the right STG, supplementary motor area and middle cingulate cortex (MCC), and the left MFG and postcentral gyrus (q < 0.05, FDR corrected) (Figure 4) . However, no significant difference was found in ReHo between the two groups using the same correction method.
The relationships between CBF/ReHo ratio and CBF changes in patients with NMO are shown in Figure 5 . Although some brain regions (violet and cyan) showed consistent changes between these two measures, several brain regions (red and green) only showed significant changes in CBF/ReHo ratio (q < 0.05, FDR corrected).
| Clinical correlation analysis
Using an uncorrected threshold of p < .05, patients with NMO per- 
| Validation analyses
Because GMV changes may affect global and regional neurovascular coupling changes in NMO, we repeated intergroup comparisons while further controlling for the GMV. For global CBF-ReHo coupling, there was still a significant difference (T = 2.574, p = .011) between patients and healthy controls after controlling for the global GMV of each subject. For CBF/ReHo ratio, the spatial distribution of brain regions with altered CBF/ReHo ratio after GMV correction was similar to that without GMV correction (Figure 6 ). These findings suggest that the altered neurovascular coupling in NMO is independent of GMV changes.
To validate the reproducibility of our findings, we also used the ALFF to replace the ReHo to assess neuronal activity. Although non- To avoid the bias caused by disease severity, we excluded seven most disabled patients with an EDSS score greater than 7.0 and repeated our analyses (n = 49). In the global CBF-ReHo coupling analysis, there was still a significant difference (T = 2.863, p = .005) between patients and healthy controls. In the CBF/ReHo ratio analysis, the spatial distribution of significant brain regions (p < .005, uncorrected) (Figure 8 ) was similar to the main results (q < 0.05, FDR corrected) (Figure 3 ). These findings suggest that the altered neurovascular coupling is a characteristic which independent of the extent of disease disability in NMO.
| DISCUSSION
To our knowledge, this is the first study to investigate neurovascular In consistent with previous studies (Liang et al., 2013; Zhu et al., 2017 ), a significant across-voxel correlation between CBF and ReHo was found in healthy controls, indicating the importance of the normal neurovascular coupling in physiology of the human brain. Although across-voxel correlation between CBF and ReHo was also found in NMO, it was lower than that in healthy controls at the group level, indicating reduced global neurovascular coupling in NMO.
Although the CBF-ReHo correlation could only roughly assess the neurovascular coupling, any changes in neurovascular coupling should be interpreted in terms of its structural basis (neurovascular unit). The neurovascular unit is composed of neurons, astrocytes and vessels (Muoio et al., 2014) . The single or combined impairment of the NVU components can affect its function and lead to abnormal neurovascular coupling (Zlokovic, 2010) . Astrocytes act as key intermediaries between neurons and vessels in NVU (Howarth, 2014; Stobart & Anderson, 2013) . In NMO, the AQP4, the target antigen of autoimmunity, is concentrated in the foot processes of astrocytes; and a disease-specific circulating autoantibody (NMO-IgG) directed against this antigen results in astrocyte damage (Misu et al., 2007; Popescu et al., 2010; Saji et al., 2013) . The impaired astrocytes may lose their role in information exchange between neurons and vessels, leading to the compromised coordination between neuronal activity and blood supply (Venkat et al., 2016) . Thus the astrocyte damage may be one cause for the reduced neurovascular coupling in NMO. Neurons are also important components of NVU and are thought to be the driving force behind neurovascular coupling due to their high energy demand.
Volume reduction and neuronal loss in GM have also been observed in NMO, which is partly due to the axonal degeneration secondary to optic neuritis and myelitis or may be a direct consequence of neuronal damage in GM (Duan et al., 2012; Kawachi & Lassmann, 2017; Liu et al., 2015; Pichiecchio et al., 2012; Saji et al., 2013; von Glehn et al., 2014; Wang, Zhang et al., 2015) . The observed neuron damage may also account for the reduced neurovascular coupling in NMO. Any changes in vascular components may also affect the integrity of NVU.
Dysfunction of endothelial cells has been observed in NMO (Takeshita et al., 2017) , which may lead to the regulatory dysfunction of perfusion (Sanchez-Catasus et al., 2013) and eventually result in the reduced neurovascular coupling. However, the relationship between vascular damage and reduced neurovascular coupling in NMO needs to be further studied. The CBF/ReHo ratio is a quite novel imaging marker to assess regional neurovascular coupling changes in brain disorders. In the validation analyses, we confirmed that the CBF/ReHo changes are independent of GMV atrophy and disease severity. In the CBF/ALFF ratio analysis, we reproduced the pattern of CBF/ReHo changes and thus confirmed that the abnormal neurovascular coupling is a reliable finding in NMO. With functional connectivity strength (FCS) to assess neuronal activity, a previous study has used CBF/FCS ratio to explore neurovascular changes in schizophrenia . The authors reported a completely different pattern of CBF/FCS changes in schizophrenia and correlations of this measure with clinical severity in schizophrenia patients . These findings suggest that the CBF/BOLD ratio is a clinically meaningful imaging marker to assess regional neurovascular coupling in brain disorders. In this study, we identified several brain regions whose altered neurovascular coupling was correlated with impairments in comprehensive or specific cognitive domains. All of these regions are important for cognitive processing, impairments of which have been associated with compromised performance in specific cognitive domains in diseased conditions (Loitfelder et al., 2014) . For example, the parietal regions have been claimed to be related to visuospatial attention and working memory (Wang, Yang et al., 2015) ; and the abnormally decreased CBF/ReHo ratios in the parietal regions were really correlated with deficits in these specific cognitive domains in NMO. The insular and IFG have been found involved in language processing (Augustine, 1996; Keller, Crow, Foundas, Amunts, & Roberts, 2009) ; and the abnormally increased CBF/ReHo ratios in these regions were expectedly correlated with impairments in verbal learning and memory in NMO. Similarly, the association between abnormally increased CBF/ReHo ratio in the postcentral gyrus and deficits in visuospatial learning and memory in NMO is consistent with the role of the postcentral gyrus in visuospatial attention (Balslev, Odoj, & Karnath, 2013) . Unexpectedly, the ACC is an important region for cognitive control (Bush, Luu, & Posner, 2000) and the lingual gyrus plays a role in visual memory (Bogousslavsky, Miklossy, Deruaz, Assal, & Regli, 1987) ; however, we failed to find any significant correlations between the abnormal CBF/ReHo ratio of these brain regions and cognitive scores.
The underlying mechanisms should be investigated in future.
There are several limitations in this study. First, a slice thickness of 4 mm was used in resting-state MR sequences to improve signal to noise ratio (SNR) because of the relatively low SNR in these FIGURE 6 Group differences in CBF/ReHo ratio between patients with NMO and healthy controls after correction for GMV (p < .05, FDR corrected). The spatial distribution of brain regions with altered CBF/ReHo ratio after GMV correction was similar to that without GMV correction. Abbreviations: CBF = cerebral blood flow; GMV = gray matter volume; HC = healthy controls; L = left; NMO = neuromyelitis optica; R = right; ReHo = regional homogeneity [Color figure can be viewed at wileyonlinelibrary.com] sequences. The technical limit may reduce the precision in the calculation of ReHo and CBF. Second, the CBF-ReHo correlation and CBF/ReHo ratio indirectly reflect rather than accurately measure neurovascular coupling and thus we cannot exactly figure out the specific pathophysiological mechanisms that lead to alterations of neurovascular coupling in NMO. Third, several subjects in our study were excluded from the correlation analyses because of the failure to complete the cognitive assessments. However, the smallest group still included 38 patients with NMO; we believe that our findings for these correlations are reliable. Finally, there are many statistical tests for the clinical correlation analyses, but only one of them could pass the FDR correction. A larger sample is needed to validate these nominal significant findings.
| CONCLUSION
In conclusion, patients with NMO show the disrupted neurovascular coupling, which is associated with disease severity and cognitive 
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